We compared treatment outcomes between rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP) chemotherapy alone with R-CHOP followed by consolidative radiation therapy (RT) in diffuse large B-cell lymphoma (DLBCL). We analyzed 404 patients with Stage I-II DLBCL who received six to eight cycles of R-CHOP and achieved a good response after a full course of chemotherapy. Propensity-score matching was used to assess the role of consolidative RT. The R-CHOP alone group (n = 184) was matched in a 1:2 ratio with the R-CHOP plus RT group (n = 92). Twenty-four (13.0%) of 184 patients receiving R-CHOP alone and 8 (8.7%) of 92 patients receiving R-CHOP plus RT had bulky diseases (>7.5 cm). A Deauville score of 1-2 was achieved for 159 (86.4%) of 184 patients receiving R-CHOP alone and 84 (91.3%) of 92 patients receiving R-CHOP plus RT. After a median follow-up time of 42 months, the recurrence-free survival (RFS) rate (86.7% vs 93.0%, P = 0.464) and overall survival rate (88.3% vs 95.1%, P = 0.295) at 5 years did not differ significantly between the R-CHOP alone and R-CHOP plus RT arms. In the additional multivariate analyses, large tumor size (>7.5 cm) was significantly associated with decreased RFS (hazard ratio, 2.368 and confidence interval, 1.837-6.697; P = 0.048). Consolidative radiation was not a significant factor for RFS (P = 0.563). Tumor size was a significant factor for RFS in the rituximab era. The outcome of omitting consolidative RT for good responders after six to eight cycles of R-CHOP chemotherapy was acceptable in early-stage DLBCL without a bulky disease.
INTRODUCTION
(RT) after CHOP remains controversial. Results of reported prospective trials for the significance of RT after full-course CHOP chemotherapy have been conflicting in patients with DLBCL [4] [5] [6] [7] [8] .
The East Coast Oncology Group (ECOG) 1484 trial has shown an improved failure-free survival in the RT arm after complete response to eight cycles of CHOP, supporting the role of RT even after good response to full-course chemotherapy [6] . On the other hand, the Groupe d'Etude des Lymphomes de l'Adulte (GELA) LNH 93-4 trial has shown no survival benefit of RT after four cycles of CHOP in elderly patients with Stage I-II aggressive lymphoma [4] . The Southwest Oncology Group (SWOG) 8736 trial has shown an improved overall survival at 5 years after three cycles of CHOP followed by RT than that with eight cycles of CHOP [7] . However, long-term follow-up data showed no significant difference in overall survival between the two arms.
Rituximab is a monoclonal antibody against protein CD20, which is primarily found on the surface of B-cells in the immune system. In the advent of rituximab (R), R-CHOP has led to a significant improvement in overall survival in elderly patients with DLBCL [9] [10] [11] . Whether consolidative RT after R-CHOP is still indicated or not remains unclear. The RICOVER-60 trial was the first prospective trial that assessed the role of RT in bulky (>7.5 cm) disease in elderly patients with DLBCL after R-CHOP chemotherapy [5] . The R-CHOP only arm was found to have a significantly higher recurrence rate than the R-CHOP followed by RT arm. However, in the modern era, the addition of consolidative RT has been gradually decreasing [11] . Thus, the objective of this multicenter study was to compare treatment outcomes between R-CHOP chemotherapy alone and R-CHOP followed by consolidative RT in DLBCL in order to identify the role of consolidative RT for patients with DLBCL.
MATERIALS AND METHODS

Patients
We retrospectively enrolled 404 patients with DLBCL. Of these, 312 patients received R-CHOP only and 92 patients received R-CHOP followed by RT at the sole discretion of the treating medical oncologists in five tertiary institutions from January 2010 to December 2015. Inclusion criteria for this study were: (i) histologically proven DLBCL of clinical Stage I to II; (ii) ECOG performance status 0-2; (iii) initial treatment with six to eight cycles of R-CHOP chemotherapy; and (iv) good response (Deauville scale 1-3) in 18 F-fluoro-deoxy-glucose Positron Emission Tomography (PET)-CT after R-CHOP. Patients with primary CNS lymphoma were excluded from this study. Institutional Review Board approval was obtained at each participating center before enrolling patients (VC17RESI0046).
Chemotherapy, RT, pathology, and follow-up records of each patient were reviewed using a data management program. Clinical stage for DLBCL was determined according to the Ann Arbor staging system. Initial work-ups included physical examination, evaluation of ECOG performance status, and constitutional symptoms such as fever, weight loss, and night sweats. Laboratory assessments included complete blood counts, blood chemistry, serum lactate dehydrogenase (LDH), bone marrow biopsy, and tissue biopsy. Imaging studies included neck, chest, and abdominopelvic CT as well as PET-CT before and 2-3 months after chemotherapy. We assessed the response to R-CHOP according to the Deauville fivepoint scale using PET-CT [12, 13] . International prognostic index (IPI) scores were checked based on the patient's age, stage of disease, serum LDH level, ECOG performance status, and the number of extranodal sites.
Treatment
All patients received six to eight cycles of R-CHOP (intravenous rituximab, 375 mg/m 2 ; cyclophosphamide, 750 mg/m 2 ; doxorubicin, 50 mg/m 2 ; vincristine, 1.4 mg/m 2 ; and oral prednisolone, 100 mg). Consolidative RT was administered at a median dose of 36 Gy (range, 26-56 Gy) at 1.8-2 Gy per fraction 1-2 months after R-CHOP.
Study design and propensity-score matching
To accurately compare treatment outcomes between R-CHOP alone and R-CHOP followed by consolidative RT arms, we performed propensity-score matching for enrolled patients and analyzed their recurrence and survival rates after matching ( Fig. 1 ). Propensity scores were calculated using a multivariate logisticregression model based on the following variables: age, ECOG performance status, clinical stage, tumor size, LDH level, IPI score, Deauville score, and extranodal disease. A total of 92 patients in the R-CHOP plus RT arm and 184 patients in the R-CHOP alone arm were matched at a 1:2 ratio. The matching model was well calibrated (Hosmer-Lemeshow test, P = 0.931) with reasonable discrimination (c-index = 0.652).
Statistical analyses
Patient characteristics were compared using the χ 2 test for categorical variables and the t-test for continuous variables. Primary end points of this study were recurrence-free survival (RFS) and overall survival (OS). Secondary end points were patterns of relapse such as locoregional recurrence and distant metastasis. Kaplan-Meier analysis with the log-rank test was used for the univariate survival analysis. To evaluate prognostic factors related to recurrence and survival, multivariate analysis was performed with the Cox proportional hazard method. A P-value of less than 0.05 by two-tailed tests was considered to be statistically significant. All statistical analyses were performed using R software version 2.15 (Alcatel-Lucent, Murray Hill, NJ, USA) and SPSS software version 12.0 for Windows (SPSS Inc., Chicago, IL, USA).
RESULTS
A total of 276 patients after propensity-score matching were finally analyzed. The median age was 54 years (range, 20-83 years) for the entire cohort. The median tumor size was 4 cm (range, 1-22.7 cm). Patient characteristics are summarized in Table 1 . Patient age (P = 0.649), ECOG performance status (P = 0.147), clinical stage (P = 0.932), tumor size (P = 0.288), LDH level (P = 0.796), IPI score (P = 0.820) and Deauville score (P = 0.238) did not differ significantly between the R-CHOP alone and the R-CHOP plus RT groups. Extranodal disease (P = 0.001) did differ significantly between these two groups. Radiation treatment details are shown in Table 2 . RT was delivered using 3D RT (n = 33) or intensitymodulated RT (n = 59). Of the 92 patients, 61 (66.3%) received involved-site RT and 31 (33.7%) received involved-field RT. After a median follow-up time of 42 months, treatment failure including locoregional recurrence and distant metastasis was seen in 23 patients. Locoregional recurrence occurred in 8 (4.3%) of 184 patients with R-CHOP alone and 3 (3.3%) of 92 patients with R-CHOP plus RT. For patients with a bulky disease, locoregional recurrence occurred in 3 (12.5%) of 24 patients receiving R-CHOP alone and 1 (12.5%) of 8 patients receiving R-CHOP plus RT. Distant metastasis occurred in 13 (7.1%) patients in the R-CHOP alone arm and 7 (7.6%) patients in the R-CHOP plus RT arm. Eight patients had both locoregional and distant failures. Five-year RFS rates for the R-CHOP alone and R-CHOP plus RT arms were 86.7 % and 93.0%, respectively. Five-year OS rates for the R-CHOP alone and R-CHOP plus RT arms were 88.3% and 95.1%, respectively (Fig. 2) . The difference in RFS (P = 0.464) or OS (P = 0.295) between the two arms did not reach statistical significance, despite the visual separation of the survival curves. Locoregional recurrence rate (4.7% vs 3.6%, P = 0.672) or distant metastasis rate (7.8% vs 7.3%, p = 0.787) at 5 years did not differ significantly between the R-CHOP alone and R-CHOP plus RT arms either (Fig. 3) . In the R-CHOP plus RT arm, radiation dose (≤36 Gy vs >36 Gy) was not a significant factor for RFS (P = 0.356) or OS (P = 0.524).
In the univariate analysis, large tumor size (>7.5 cm) was significantly associated with decreased RFS (P = 0.035), and low to lowintermediate risk was significantly associated with improved OS (P = 0.041). In the additional multivariate analyses, tumor size was a significant factor for RFS (hazard ratio, 2.368 and confidence interval, 1.837-6.697; P = 0.048). Patient age, clinical stage, IPI score, consolidative radiation, Deauville score, and extranodal disease were not significant factors for RFS or OS ( Table 3 ). In the R-CHOP plus RT arm, the radiation dose (≤36 Gy vs >36 Gy) was not a significant factor for RFS (P = 0.356) or OS (P = 0.524).
DISCUSSION
Since 1980, localized non-Hodgkin's lymphoma has usually been treated with CHOP with or without RT. Full-course CHOP or abbreviated-course CHOP followed by RT is recommended for the disease control of DLBCL. They also obviate the need for surgical [14] . RT is usually effective for disease confined to a treatment field. It permits reduction in the total dose of doxorubicin, which involves cardiotoxicity. This is a potential advantage for elderly patients with reduced myocardial reserve [15] . However, the role of consolidative RT has been uncertain, especially in the era of rituximab [16] . Randomized trials from the pre-rituximab era have shown that RT is valuable not only in reducing the number of courses of CHOP, and decreasing the toxicity, but also in improving RFS and OS over eight cycles of CHOP alone [6, 7] . In the SWOG 8736 trial, the full-course chemotherapy (eight cycles of CHOP) arm had significantly more frequent and more severe toxic reactions than the abbreviated chemotherapy (three cycles of CHOP) followed by RT arm [7] . The left ventricular function was also decreased in seven patients who received CHOP alone, whereas no cardiac events were recorded in the group receiving CHOP plus RT (P = 0.02).
In the rituximab era, several trials for R-CHOP chemotherapy alone in elderly patients with DLBCL showed drastic improvement in survival. This has brought about the question of whether consolidative RT after R-CHOP is still necessary or not [9] [10] [11] . No randomized controlled trial has been published to compare treatment outcomes between R-CHOP and R-CHOP plus consolidative RT for good responders with DLBCL after chemotherapy. Improved survival with the addition of consolidative RT following chemotherapy in DLBCL is consistent in subgroup analyses of recent prospective trials, including MInT (MabThera International Trial) and RICOVER-60 and several retrospective institutional studies, even after modern multiagent chemotherapy. The addition of consolidative RT improves outcomes, especially for patients with bulky disease or extranodal disease [11, [17] [18] [19] . Therefore, National Comprehensive Cancer Network guidelines still recommend three cycles of R-CHOP followed by RT for Stage I-II non-bulky disease or six cycles of R-CHOP with or without RT for all Stage I-II diseases [20] .
Several studies have reported that six cycles of R-CHOP do not exclude the need for RT [8, 18] . Phan et al. have evaluated patients with DLBCL treated with R-CHOP or R-CHOP with RT [17] . Multivariate analysis showed that RT (P < 0.001) following R-CHOP administration was a significant prognostic factor for improved RFS. In the study of Marcheselli et al. [18] , involved-field RT after R-CHOP yielded a significant event-free survival benefit, with a 66% reduction in the risk of death and/or disease progression (P < 0.05). Cox analysis, when adjusted for age, gender, stage, performance status, LDH, and disease bulk, confirmed the significant event-free survival benefit of radiation therapy. Vargo et al. analyzed the factors affecting treatment selection and the resulting survival outcomes in early-stage DLBCL in the modern era [20] . They suggested that abandonment of combined-modality therapy in favor of chemotherapy alone negatively affects patient survival. Vargo et al. included patients who were treated with not only R-CHOP but also CHOP chemotherapy. On the other hand, in our study, consolidative RT following R-CHOP was not associated with improved survival. Unlike the study by Vergo et al., we only evaluated good responders with DLBCL treated with six to eight cycles of R-CHOP, not three cycles of R-CHOP. RT following abbreviated-course chemotherapy (i.e. three cycles), not full-course chemotherapy, might contribute more to local control and survival in Stage I-II and non-bulky DLBCL. Full-course R-CHOP over six cycles would obviate the additional impact of local disease control in the R-CHOP plus consolidative RT group. The minimum percentage of improved survival rate to achieve statistical significance in our cohort [experimental group (n = 92) : control group (n = 184)] was 0.15, when we set the 5-year survival rate of the control arm as 0.75, the significance level as 0.05, and the power as 0.8. Thus, a large-sized prospective study could be needed to verify the statistical significance of survival differences of <10% between the full-course R-CHOP with or without radiation arms. However, it is not easy to perform this large prospective randomized trial in a single nation.
Although the current study presents negative to use of consolidative RT for good responders after full-course R-CHOP, most previous studies in the rituximab era argued that consolidation RT improved outcome. Regarding the reason for the difference in outcomes between the present study and the previous reports, we evaluated good responders treated with full-course R-CHOP, and only 32 (11.6%) of 276 patients had bulky diseases (>7.5cm) in the present study. The study by Phan et al. evaluated 190 (40.5%) Stage I-II and 279 (59.5%) Stage III-IV patients with DLBCL after fullcourse R-CHOP and reported that the 5-year OS and progressionfree survival (PFS) rates for Stage I and II disease treated with RT were 92% and 82%, respectively, whereas the OS and PFS rates for those not treated with RT were 73% and 68%, respectively; of the 190 patients with Stage I or II disease, RT was given to 103 patients (49 of the 103 had bulky disease) [17] . The great majority of patients in the current study were lower-risk patients than in the study of Phan et al.; our study included not only a lower rate of bulky disease, but also better PS, better IPI and better response (Deauville 1-2). Thus, the outcome for all patients was better than expected, and the advantage of consolidation RT diminished. In view of this, omitting consolidation RT is not recommended for patients, especially those with bulky disease.
The present multi-institutional retrospective analysis included 276 patients with DLBCL of Stage I-II who were treated with R-CHOP with or without RT. The decision for consolidative RT after full-course R-CHOP chemotherapy was at the discretion of the medical oncologists in this study. This in turn could represent a selection bias for the consolidative RT group. In the multidisciplinary team for lymphoma, the choice of consolidative RT in Stage I-II DLBCL should be carefully discussed among all physicians, including medical and radiation oncologists. In addition, radiation technique, dose, and fraction size varied according to each institutional policy [21, 22] . Such heterogeneity in the RT arm might be the reason for the lack of positive effect of RT after R-CHOP. Thus, we conducted 1:2 propensity score matching to correct heterogeneity of factors in this multi-institutional analysis. The results of this analysis should be interpreted with caution because of its retrospective nature.
CONCLUSION
After the 3.5-year follow-up, the outcome of omitting consolidative RT for good responders after six to eight cycles of R-CHOP chemotherapy was acceptable in early-stage DLBCL without bulky disease. To verify our results, randomized multicenter trials that prospectively compare R-CHOP alone and R-CHOP with RT in good responders with DLBCL after full-course R-CHOP are now needed.
